The injection of sodium maleate (200-400 mg/kg) into rats produces aminoaciduria along with glycosuria and phosphaturia, resembling the Fanconi syndrome. This experimental model was studied by means of microinjections into proximal convoluted tubules of the kidney, stop-flow diuresis, and microperfusion of single nephrons. Our results show that, in maleate-treated rats, competition between amino acids or related structures (L-proline, L-OH-proline, and glycine) possesses the same characteristics, and net influx of amino acids appear normal at the proximal nephron. Data obtained by classical stop-flow techniques and single nephron microperfusions also indicate a normal entry of labeled amino acids (Llysine, glycine, L-valine, L-proline, L-cystine), and 3-0-methyl-D-[3H]glucose and [32P]phosphate from the luminal side of the proximal tubule cell. However, the efflux of molecules from the cell appears enhanced throughout the proximal and distal tubule; molecules that exit at this site are excreted directly into the urine. Our results suggest that the phosphaturia, aminoaciduria, and glycosuria of the experimental Fanconi syndrome can be explained by a modification of the cell membrane permeability (increased efflux) at distal sites of the nephron rather than by a modification of the membrane transport (decreased influx) at the proximal sites, as is currently accepted. Our data also stress the importance of efflux phenomena in membrane transport. and ['P]phosphate from the luminal side of the proximal tubule cell. However, the efflux of molecules from the cell appears enhanced throughout the proximal and distal tubule; molecules that exit at this site are excreted directly into the urine. Our results suggest that the phosphaturia, aminoaciduria, and glycosuria of the experimental Fanconi syndrome can be explained by a modification of the cell membrane permeability (increased efflux) at distal sites of the nephron rather than by a modification of the membrane transport (decreased influx) at the proximal sites, as is currently accepted. Our data also stress the importance of efflux phenomena in membrane transport.
INTRODUCTION
The Fanconi syndrome refers in general to a group of functional defects such as a generalized aminoaciduria, glycosuria, and phosphaturia (1) . These urinary abnormalities are generally considered to result from "defective renal tubular reabsorption" (2) . In fact, a morphological lesion of the proximal tubule was described and thought to cause this syndrome in cystinosis (3, 4) . However, studies carried out with maleatetreated rats, a model of the Fanconi syndrome (5, 6), have indicated that the entry of amino acids into the renal cell appears to be normal in vitro and in vivo (7, 8) . Another mechanism had to be sought to explain the phosphaturia, aminoaciduria, and glycosuria seen in experimental Fanconi syndrome.
Our results confirm that there is a normal net influx of amino acids and glucose into the proximal nephron and an increase in the permeability of the entire nephron, but indicate that the distal nephron involvement is the final cause of the urinary abnormalities seen in the experimental Fanconi syndrome. (45.7 Ci/ mM), L- [4,5-8H] 
METHODS

Materials. Uniformly labelled L-['H]proline
Stop-flow microperfusion of single tubules. A second series of experiments was made with microperfusion of single tubules; experiments were performed on SpragueDawley female rats weighing about 200 g. Animals and solutions of injections were prepared as described above. One nephron was injected first by oil, followed by a column of liquid containing radioactive inulin and amino acid or glucose and sealed by oil (Fig. 1) . Inulin was used to check the quality of the injection and the quality of the oil block. As inulin is not reabsorbed, any urinary sample showing the presence of radioactive inulin was rejected. One stop-flow was made in a normal rat as a control and a second stopflow performed after the rat had been rendered glycosuric by an injection of sodium maleate (as above). A neutral The absorption of imino acids and glycine has been previously studied in vivo at the luminal membrane of the rat nephron (10) . Successive injections of similar duration and similar amino acid radioactivity were carried out at the same point of proximal convolutions; similar concentrations of unlabeled glycine, L-proline, or L-hydroxyproline were used as competitors of L-['H]-proline absorption. Comparisons between these fractional reabsorptions were used as an index of the inhibition introduced by the competitor.
While in the absence of any competition (control) the average absorption in 15 tubules was 76%±2.6 of the injected quantity, an excess of unlabeled glycine slightly reduced this absorption to 69.4%+3.2, or 90.9% of the control ( When microinjections into early and late proximal convolutions were compared, no qualitative differences were observed; the expected quantitative differences were noted. All these injections were made in the superficial convolutions accessible to micropuncture.
In a different series of microinjections, sodium maleate was added in the micropipette to rule out any direct competitive effect of maleate in situ. As seen in Fig.  4 , results were essentially identical to normal: the presence of maleate at the apical site of the tubular cells seemed not to interfere with either the absorption or the degree of inhibition introduced by an excess of unlabeled glycine, L-hydroxyproline, or L-proline.
A statistical analysis of the data obtained in Figs. 2 Results are expressed on a semi-log scale, which somewhat exaggerates the small peak seen in the first 100 ul. This peak was not seen in all animals, and could represent a secretion that has been suggested but never demonstrated decisively. multaneously in the urine. A small precession peak of L-cystine was noted in some animals (Fig. 6) , suggesting a slight "secretion" at the distal sites, as previously noted (14) (15) (16) (17) . In nor-kidneys was identical in normal rats. In maleate-treated rats, a small "secretion" peak was seen in a few rats, there was still some excretion in the control (right) ances. Note the marked precedence of phosphate in kidney, indicating that absorption still takes place from eate-treated rats.
the luminal site of the experimental kidney. Note that in the left kidney, L-valine is excreted in a greater amount and precedes the excretion of the right kidney. [in. This precession peak was seen with all of the ious labels studied. As In maleate-treated rats, an important portion of the injected molecules appeared in the right side, demonstrating the persistence of absorption in the proximal tubule of the perfused nephron (left). However, the excretion of labeled glucose or amino acid in the left kidney preceded that of the right kidney. This excreted portion was always greater in the perfused than in the unperfused side. The mean ratio of the left vs. the right cumulated excretion was found to be 2.68±0.59 (n = 9).
This difference between normal and maleate-treated rats was highly significant (P<0.001).
This phenomenon can be interpreted by increased antiluminal movements of the labeled molecules, readily absorbed from the proximal nephron, towards the apical side of adjacent distal tubules; once in the lumen of the distal nephron, these molecules are directly eliminated in the urine. Fig. 9 (9, 10) . Our data suggested that bidirectional exchanges of amino acids are not very important in vivo and that they do not modify significantly the calculation of excretion and reabsorption of amino acids. However, antiluminal movements of amino acids do exist in vivo and tubular cells of the renal cortex are permeable to these molecules from both surfaces.
It is generally thought that amino acids are actively transported by "carrier proteins" located at the brush border of proximal tubules. A defect in proximal tubule reabsorption of amino acids, glucose, phosphate, and other molecules was originally suggested by Fanconi when he described this syndrome (1). This complex syndrome is also referred to as the Lignac-de ToniDebre-Fanconi syndrome and can be not only hereditary but also acquired by extrinsic poisons such as heavy metals, outdated tetracyclines, and maleic acid. In these latter conditions, a destruction of the transport molecules could explain the deficient tubular absorption; such a destruction would be reflected by the absence of competition between molecules of related structures. Our results show that the transport system common to the iminoglycine group in the normal rat is intact in maleate-treated rats. Indeed, the data obtained in these series show reabsorption and competition characteristics identical to those obtained in normal rats (compare Figs. 2 and 3 to Fig. 1 ). The persistence of absorption and competition at the luminal membrane indicates the integrity of transport reactive sites and, consequently, a normal influx. A similar conclusion can be reached for sugars from the stop-flow analysis of Figs. 9 and 10 .
Similarly, at the binding sites, no directly competitive effect, analogous to that of phlorizin and glucose, seems to be involved between maleate and amino acids to explain the absorption defect. The absence of an effect of maleate at the luminal membrane is analogous to those reported by Silbernagl and Deetjen (19) , or Chan and Huang (20) , and Gydry and Kinne (21) At the proximal tubule, amino acids gain access to the cell through the microvillosities of the apex or through the infoldings of the antiluminal membrane. Since there is an intracellular accumulation of amino acids against a concentration gradient, active transport has to be postulated; however, at the brush border, a carrier-mediated process might be facilitated by the sodium gradient as suggested by various authors. Efflux will take place at all membranes. At the distal tubule, similar amino acid movements (efflux and influx) are seen except that there is no entry of amino acids from the lumen (9 FIGURE 12 In the maleic acid model, the cell structure is modified by intense vacuolization, globular and swollen mitochondria, and loss of the infoldings of the basal membrane. Intracellular accumulation of amino acid is decreased despite a rather normal entry at the luminal side. The efflux of amino acids is increased. This efflux can be partially or totally corrected in the proximal nephron since the reabsorption capacity of these cells is very high (9) . At the distal sites, the efflux of molecules cannot be corrected, which will lead to their subsequent excretion. This schematic view is based on data of various authors (7) (8) (9) (23) (24) (25) (26) (27) (28) (29) (30) . Abbreviations as in Fig. 11. oligomycin, antimycin A, or cyanide was perfused directly into the renal tubules.
It can be concluded from our results that the experimental aminoaciduria of the maleic acid model is not secondary to a defective absorption of the molecules at the luminal membrane. A similar conclusion has been reached about the antiluminal membrane both in vitro (7) and in vivo (8) . By analyzing the transport of a-amino-isobutyric acid in kidney cortex slices with a digital computer, Rosenberg and Segal (7) found that maleate action could not be explained by a diminution of influx. A modification in the permeability of the basement membrane, as suggested by Worthen (22) , is also excluded by microinjections made into peritubular capillaries (8) .
The demonstration of a normal influx at the luminal membrane in pretreated rats and the similarity of the maleate effect to the effects of metabolic inhibitors suggest that maleate could modify energetic processes. Maleate could indeed cause a diminution or a complete block of a common energy source at the Krebs cycle level, as suggested by Angielski and Rogulski (23), Worthen (22) , and Schubert and Barritt (24) . This hypothesis is also supported by in vitro (7) and in vivo (25, 26) data showing that maleate decreases the accumulation of intracellular amino acids. Ultrastructure studies confirm that maleate may cause mitochondrial changes (22, (27) (28) (29) . That maleate diminishes the ATP production of mitochondria does not preclude its action at other levels. In fact, the inhibition of the transport enzyme Na-K-ATPase (30) suggests the occurrence of a defective ATP synthesis. In our study, major membranous changes were seen at the base of the cell where the Na-K-ATPase involved in active transport is localized (31) (32) (33) (34) . While the brush border structure of the proximal nephron appeared to be well preserved (28, 29) (35) , who showed that maleic anhydride reacts rapidly and specifically with amino groups associated with the protein fraction of the red cell membrane. These authors demonstrated changes in membrane permeability characteristics with maleate. Such membrane permeability modifications could explain the efflux acceleration noted in vitro in cortex slices (7) and in vivo with microinjection into the peritubular capillaries (8) . The increased glucose concentration measured in the proximal tubule of maleate-treated rats can also be interpreted by an increased back-flux (36) . Some of the data (such as the modifications of serum Na and K) obtained by Kramer and Gonick (37) could also be interpreted by an increased membrane permeability. It is difficult to explain the kaliuresis by an increased distal tubular secretion, an energy-linked transport process, if maleate is a "potent inhibitor of the ATP-Na-K-ATPase system."
Our studies indicate that, contrary to the generally accepted explanation of the Fanconi syndrome (5, 6, 37), maleate action is not confined to the proximal tubule. Maleate modifies the ultrastructure of both the proximal and the distal nephron.
The efflux phenomena, noted previously (7, 8) and in this study, occur most likely at both distal and proximal nephrons. However, since there is a rather normal entry of molecules in the proximal tubule, this efflux can be partially or totally corrected downstream. At the distal nephron, this is not the case: there is no absorption of amino acids (9) and absorption of phosphate is rather small (38, 39) or nonexistent (40, 41) ; therefore, the molecules that exit at this site are excreted directly into the urine. This explains the modification in the urinary outflow pattern seen in our stop-flow experiments (Figs. [5] [6] [7] [8] : that the curve of the amino acids precedes that of inulin reflects a leak at the distal sites, as generally accepted (12, 13, 42) . The presence of high glucose concentrations at distal sites in maleatetreated rats (36) is also in favor of this hypothesis.
In conclusion, Fig. 11 is a schematic representation of the movement of amino acids in the normal nephron. This model does not take into account the variation of cell characteristics along the nephron (43) (44) (45) . In the maleic acid model, depicted in Fig. 12 , there seems to be a normal entry of amino acids into the proximal nephron; the increased efflux at the luminal membrane can be partially or totally corrected farther away in the nephron, since the reabsorption capacity of the cell is very high. In fact, all amino acids can be normally reabsorbed in the 1st mm past the glomerulus (9) , which agrees with the electrophysiological data of Kokko (45) . At the distal site, the efflux of molecules cannot be corrected. Our results suggest that the phosphaturia, aminoaciduria, and glycosuria of the experimental Fanconi syndrome can be explained by a modification of the cell membrane permeability (increased efflux) at distal sites of the nephron, rather than by a modification of the membrane transport (decreased influx) at the proximal sites, as is currently accepted. They also stress the importance of efflux phenomena in membrane transport.
